High N rates and source of N have been thoroughly evaluated in bermudagrass [Cynodon dactylon (L.) Pers.] forage production, but less is known concerning season of application and estimated fertilizer N recovery in these systems. Two field studies (Ardmore, OK: Wilson silt loam, Vertic Haplustalfs; Bumeyville, OK: Minco fine sandy loam, Udic Haplustolls) were conducted at two locations over two years to evaluate the effects of rate, timing, and source of N on bermudagrass forage yield, total N, NO 3 concentration, and estimated fertilizer N recovery. Nitrogen was applied at rates of 112,224,448,672, and 1344 kg N ha" 1 as NH 4 NOj or urea in early spring (March) and late summer (August). Fertilizer N recovery can be maximized at rates of 112 and 224 kg N ha ' applied in the early spring and late summer, respectively. Even when N rates of 1344 kg N ha ' were applied annually, bermudagrass forage NO 3 -N was seldom above 2000 mg kg" 1 , which is below published toxic levels (2400-4500 mg kg~') for cattle (Bos taunts) consumption. Early-spring applied N increased yields, N removal, and fertilizer recovery compared with late-summer applied N. Fertilizer N recovery was higher for NH 4 NO 3 than for urea, especially when applied in late summer. Late-summer applications of urea should be avoided, due to increased NH, volatilization losses. Nitrogen applied at 112 kg N ha" 1 in early spring can result in fertilizer recoveries in excess of 85%. These high recoveries in forage production systems are possibly a result of continuous preanthesis forage harvesting when gaseous plant N losses are small, but which increase following anthesis. N ITROGEN SOURCE AND RATE have been comprehensively evaluated in bermudagrass production systems. However, relatively less is known about bermudagrass forage yield and N uptake when all N is applied in early spring or late summer. Mathias et al. (1978) found that bermudagrass yields and N concentration increased and percent recovery decreased with increasing N up to 448 kg N ha" 1 . Morris and Celecia (1962) found increased N removal in bermudagrass when N was applied in the spring, compared with fall application. Prine and Burton (1956) found that increasing the annual N rate from 0 to 1008 kg N ha" 1 increased yield and percent protein, but decreased N recovery. Mathias et al. (1973) reported that percent N recovery was highest at 224 kg N ha"
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1 . Fisher and Caldwell (1959) found that 'Coastal' bermudagrass produced 0.6 Mg ha" 1 and 80 g protein kg"
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and 13 g protein kg [ at an N rate of 1120 kg ha ! . Overman and Wilkinson (1992) noted that a reasonable first approximation in yield response to applied N requires at least three years to approach a steady state, thus promoting the need for long-term field experiments. Other work by Overman et al. (1990) has developed models to relate forage yield to applied N for bermudagrass using water availability and harvest interval in both dry and humid climates.
Power (1980) reported that the amount of fertilizer N in plant tops and roots and soil inorganic N were linearly related to the amount of fertilizer N applied. Bermudagrass forage yields and total N were positively correlated with increased N applied, up to 224 kg N ha" 1 , and the highest N concentration occurred with the highest yields, indicating that N removal was not diluted at high yields (Wiedenfeld, 1988) . Burton et al. (1963) found that increased N rates up to 1008 kg ha" 1 increased total dry matter production up to 15.2 Mg ha" 1 and 185 g crude protein kg" 1 .
In a rye-wheat-ryegrass (Secale cereale L.-Triticum aestivum L.-Lolium multiflorum L.) forage production system, N use efficiency was >60% for all rates of N up to 224 kg ha" 1 (Altom et al., 1996) . Hanson et al. (1978) concluded that increasing applied N on perennial grasses resulted in increased fertilizer N recovery at rates up to 448 kg N ha" 1 for all times of application (split, compared with early spring) and that a split application resulted in the highest percent recovery. Work by Staley et al. (1991) on tall fescue (Festuca arundinacea Schreb.) and switchgrass (Panicum virgatum L.) noted that increasing applied N increased N concentration; they also reported 47% fertilizer N recovery at a 180 kg ha" 1 N rate. Eichhorn (1989) found that maximized forage yields occurred at 448 kg N ha" 1 , while N removal and crude protein concentration continued to increase at N rates up to 672 kg N ha" concentration in the tissue, N rates as high as 2240 kg ha-' did not result in bermudagrass forage NO, accumulation levels that would be toxic to animals (Worker and Peterson, 1962) . May et al. (1990) noted that NO, accumulation in crop plants is intensified by stress from inadequate moisture. Murphy and Smith (1967) found that increased N03-N concentration in sudangrass [Sorghum bicolor (L.) Moench] was a direct result of increased N fertilization up to 336 kg ha-', while advancing plant maturity was indirectly related. Work by Lovelace et al. (1968) indicated that NO3 accumulation in 'NK-37' bermudagrass was twice that of Coastal bermudagrass, and that soil texture had a greater influence on tissue NO, levels than did fertilizer N rate. Wright and Davison (1964) indicated that forages with more than 3400 mg kg-' N03-N are considered toxic to cattle and, when fed, should be mixed with safer feeds lower in NO,-N. Westerman et al. (1983) showed that bermudagrass yields and N removal were generally lower for urea than for urea-NH4NO3 (UAN), while N use efficiency was higher for UAN than urea. Similar results of increased yields when NH4N0, was used on bermudagrass, compared with urea, were reported by Wilkinson and Langdale (1974) . Brejda et al. (1995) concluded from a comparison of urea, NH4N03, and (NH4)2S04 that forage yield and percent protein were greater for NH4N03, compared with other sources and that each resulted in a linear increase in yield with N rate up to 235 kg N ha-'. Anderson and Kunkel(1983) found that bermudagrass fertilized with urea compared with ",NO3 and UAN resulted in higher yields, with no differences in N removal. Nitrogen recovery and bermudagrass forage yield were less for liquid fertilizer than for solid NH4N03 (Walker et al., 1979) .
Although substantial work has documented response of bermudagrass to high rates of applied N, fertilizer N recovery in these systems is not well understood. Our objectives were to evaluate the effects of N source and N rate when applied in spring and late summer on bermudagrass forage yield, forage total N, forage NO,-N, and estimated fertilizer N recovery. Days after fertilization ers were surface-applied without incorporation as either NH4N03 or urea in August (late-summer cycle) or March (early-spring cycle). Nitrogen rates for the late-summer cycle were 0, 224, 448, 672, and 1344 kg N ha-'; early-spring cycle rates were 0,112,672, and 1344 kg N ha-'. Nitrogen treatments applied in late summer and early spring were analyzed independently, since the influence of environment, timing of N application, and harvest time could not be partitioned on the dependent variables evaluated. Late-summer cycles represent all harvests after N fertilization in August but prior to the August fertilization for the following year. Early-spring cycles include all harvests after March fertilization but prior to March fertilization the following year. Since interest was in the total cycle production and total N removal, analysis of variance was performed on the sum of late-summer and/or early-spring harvests, by year, using the GLM procedure in SAS (SAS, 1988) . There were two complete cycles for each location and for each cycle (late summer and early spring), except that the late-summer cycle for Ardmore had a total of three complete cycles. Single degree of freedom nonorthogonal contrasts were used to determine linear and quadratic dependent variable response to N fertilizer (by source) and other selected treatment comparisons. The standard error of the difference (SED) between two equally replicated treatment means is reported in Tables 3 to 6 and Fig. 1 . Significant treatment differences can be approximated by multiplying SED by 2.0 (value of t from t-table, significance level a, and degrees of freedom in residual error). Fertilization dates and climatic conditions are reported in Table 2 . Phosphorus and K were broadcast applied to both experimental areas at 48.9 kg P ha-' as triple superphosphate and 186 kg K ha-' as KCl in early March 1993, late May 1995, and again in late May of 1996. In order to eliminate the effects of low soil pH, lime was applied at a rate of 6.7 Mg ha-' in late May 1995 to each location. A prepackaged mix of 2,4-D and dicamba [BASF Weedmaster: (2,4-dich1orophenoxy)acetic acid + 3,6-dichloro-2-methoxybenzoic acid] at 481 g a.i. kg-' was applied to all plots at a rate of 2.34 L ha-', in early March of each year.
MATERIALS AND METHODS
Plots were periodically harvested through the growing season (Table 2 ) when the grass was at or near anthesis stages 41 to 49 as morphologically defined by West (1990) . Forage yield was determined by harvesting a 0.96-by 7.6-m area from each plot using a self-propelled John Deere 256 rotary mower at a cutting height of 0.07 m. Plot weights were recorded and subsampled for moisture and chemical analysis. Subsamples were dried for 120 h in a forced-air oven at 70°C and ground to pass a 100-mesh screen. Total N was determined on all forage samples using dry combustion (Schepers et al., 1989) . Forage NO3 was determined by extracting 0.2-g forage samples with 20 mL of 0.01 M CaSO,, shaken for 30 min, filtered, and analyzed by Cd reduction using an automated flow injection analysis system (Lachat, 1989). Nitrogen removal was estimated by multiplying total N concentration and dry forage biomass. The difference method was used to estimate fertilizer recovery, by year, using total production (N removal in the check plot [N = 01 subtracted from N removal in fertilized plots and divided by the rate applied).
RESULTS AND DISCUSSION
Results of analysis of variance and single degree of freedom contrasts by cycle for total forage yield, N removal, and fertilizer recovery are reported in Tables 3  to 6 . A significant linear and/or quadratic response to applied N was observed for forage yield and N removal in the late-summer and early-spring cycles for both N sources at both locations.
Ardmore (Late Summer)
Total forage yield was maximized at the 672 kg N ha-' rate for NH4N03; however, yields tended to increase at the high N rate (1344 kg N ha-') when urea was applied (late summer, 1993-1994; Table 3 ). Forage N removal continued to increase at the high N rates for both N sources (Table 3) . For the late-summer cycle of 1994-1995 and 1995-1 996, forage yields peaked at the 448 kg N ha-' rate for both ",NO3
and urea, while increases in N removal continued to take place at the 672 kg N ha-' rate (Table 3) . Continued N removal at N rates in excess of that required for maximum yield was consistent with work in wheat by Wuest and Cassman (1992) , and Rasmussen and Rohde (1991) . Similar to previous work by Westerman et al. (1983) and Brejda et al. (1995) , NH4N03 produced significantly higher yields *,** Significant at the 0.05 and 0.01 probability levels, respectively.
-F AN, ammonium nitrate; UR, urea; SED, standard error of the difference between two equally replicated means.
and N removal when applied in late summer as compared with urea (",NO, vs. urea over N rate contrast). Increased production from ",NO3 could perhaps be attributed to the immediate availability of NO3 and NH4 as compared with urea. Also, NH3 volatilization from urea was expected to be significant, considering the daily high temperatures (38.3"C in 1993-1994 and 31.0"C in 1994-1995) at the time of application, lack of incorporation, and presence of dew and/or surface residues possibly high in urease. At this site, in all three years, no rainfall was received until 10 d after fertilizers were applied. In the 10 d following fertilization, average surface air temperatures were 30.7, 26.7, and 263°C in 1993-1994, 1994-1995, and 1995-1996, respectively . This increased the potential for NH3 volatilization, as has been shown by Ernst and Massey (1960) . Total production levels were lower for the 1995-1996 period than for 1993-1994 and 1994-1995 (Table 3) , because of markedly lower rainfall (Table 2 ). Low production in 1995-1996 resulted from drought conditions during June and July, which decreased the number of harvests per cycle to only three, compared with four in 1993-1994 and five in 1994-1995 (Table 2) . However, forage yield and N removed for NH4N03 continued to be significantly greater than urea for all three cycles (NH4N03 vs. urea over N rates; Table 3 ).
Ardmore (Early Spring)
Total forage yield from early-spring N fertilization was greatest (19.8 Mg ha-') at the highest N rate (", NO3) in 1994 (Table 4) . Total N removed exceeded 600 kg N ha-' for this same year. Some tissue salt-burn that delayed N response was observed in the high N rate plots soon after fertilization. Unlike data from production cycles with late-summer fertilization, no differences were found in forage yield between N sources (Tables 3 and 4) . However, N removal was significantly higher for NH4N03 than for urea in both 1994 and 1995 (average increase of 54 kg N ha-' for NH4N03 compared with urea, over N rates; Table 4 ). The lack of differences between N sources in total forage yield suggests that NH3 volatilization losses from urea were not a factor for early-spring applied N. However, N removal was significantly higher for ",NO3
than for urea at the high N rate in both years (Table 4) . It is possible that immediate availability and preferential assimilation of NO3 by bermudagrass from ",NO, could have increased N removal relative to urea.
Burneyville (Late Summer)
Only two complete cycles of late-summer applied N data were obtained at this site. A significant response to applied N was observed for forage yield and N removed from both N sources (Table 5) . Total forage yield was maximized at the 448 kg N ha-' rate for ",NO3 when N was applied in late summer 1994-1995 at this site (Table 5 ). However, yields continued to increase at higher N rates for urea. Similar to results at Ardmore, forage N removal showed slight increases at N rates in excess of that required for maximum yields (Table 5) . It is important to note that forage yields were high for the first harvest following fertilization and all subsequent harvests were roughly half that obtained in late September of 1994. Total N removed at this site was much less than that removed at Ardmore in the same year (1994) (1995) ; Tables 3 and 5 ) and under similar *,** Significant at the 0.05 and 0.01 probability levels, respectively.
t AN, ammonium nitrate; UR, urea; SED, standard error of the difference between two equally replicated means.
climatic conditions. Differing results were in part due after fertilization (within 8 h). The second late-summer to one less harvest obtained at Burneyville over the cycle resulted in lower yields (half that obtained in the same time period. Unlike late-summer cycle results at 1994-1995) with no yield response to applied N, but a Ardmore, 1994-1995, no significant differences were significant linear response for N removal ( Table 5) . No observed between NH4N03 and urea sources. This could differences were detected among the different N be due to rainfall (25 mm) received at Burneyville soon sources. Table 5 . Analysis of variance, treatment means and single degree of freedom contrasts for forage yield, N removal and percent fertilizer recoverv (difference method), late-summer applied N, Burnevville, OK, 1994 -1995 and 1995 -1996 *,** Significant at the 0.05 and 0.01 probability levels, respectively. t AN, ammonium nitrate; UR, urea; SED, standard error of the difference between two equally replicated means.
Burneyville (Early Spring)
In both 1994 and 1995, applied N increased forage yield and N removed for both N sources (Table 6 ). In general, yields peaked at the low N rate (112 kg N ha-'), while significant increases in N removed were noted at the higher 672 kg N ha-' rate (both 1994 and 1995) . Similar to results from early-spring applied N at Ardmore, no differences were found between N sources for total forage yield or N removed in either 1994 or 1995. Unlike Ardmore, the yield increases relative to the check (no N applied) were generally small at this site ( 2 4 Mg ha-'). Organic C and total N in the surface 0 to 15 cm were roughly two times greater at Burneyville than at Ardmore (Table 1 ). This may have contributed to the lower response to applied N at this site. Using Oklahoma State University soil test recommendations, P and K were roughly 80% sufficient at Burneyville and 100% at Ardmore ( Table 1) . The P and K fertilization rates may not, therefore, have been adequate at Burneyville, and this could be reflected in the lower production levels. Because yield levels at Burneyville never approached that found at Ardmore (similar climatic conditions), some other nutrient or growth factor, such as water holding capacity in this sandy soil, may have been controlling response.
Fertilizer Recovery
Fertilizer recoveries were generally higher for NH4N03 than for urea when N rates were 5224 kg N ha-' (Tables 3 to 6 ). Fertilizer recoveries decreased with increased N rates for all cycles, application times, sources, and years. Higher percent fertilizer recovery for NH4N03 than for urea was generally observed for late-summer and early-spring cycles at both locations, excluding the late-summer cycle at Burneyville, 1995 Burneyville, -1996 . Estimated fertilizer recovery exceeded 85 % for ",NO, applied at 112 kg N ha-' in early spring at Ardmore in 1994 and Burneyville in 1994 and 1995 (Tables 4 and 6 ). This system of bermudagrass forage harvest (four to five times per year) at preanthesis stages of growth led to unusually high recoveries. This was likely because plants were harvested prior to anthesis when gaseous plant N losses are small, but which increase significantly following anthesis (Hooker et al., 1980; Francis et al., 1993) . Similarly, Altom et al. (1996) suggested that forage yield systems have improved N use efficiency, compared with grain production systems, since plants are harvested before flowering, thus avoiding potential plant N loss.
At N rates > 112 kg N ha-', fertilizer recovery decreased dramatically in early-spring cycles (Tables 4 and  6 ). The 112 kg N ha-' rate was not included in the latesummer cycles, thus restricting comparisons at this rate. Although estimated fertilizer recovery levels were greatest at the lowest N rates (112 and 224 kg N ha-' in the early spring and late summer, respectively), forage yield and N removal were doubled when applying much higher N rates (>672 kg N ha-') at the N-responsive Ardmore site.
Bermudagrass Forage NOsN
At Ardmore, for the late-summer and early-spring cycles (1994-1995 and 1994, respectively) , bermudagrass tissue NO3 increased significantly as a result of applying N (Fig. 1) . However, this was observed only immediately following fertilization. Similar results were observed at both locations and both years. At all fertilization rates, sources, and dates, forage NO 3 -N was below the level considered toxic (2300-4500 mg kg" 1 ) for cattle consumption (Worker and Peterson, 1962 , Murphy and Smith, 1967 and Wright and Davison, 1964 .
CONCLUSIONS
At one of the two locations, 1344 kg N ha" 1 as NH 4 NO 3 applied in early spring, resulted in a yield of 19.8 Mg ha" 1 and total N removed exceeded 600 kg N ha" 1 . In general, late-summer NH 4 NO 3 application resulted in increased yields, N removal, and fertilizer recovery compared with urea. Increased forage yields and N removal for NH 4 NO 3 than for urea are believed to be due to increased NH 3 volatilization from urea. Although estimated fertilizer recovery levels were greatest at the low N rates (112 and 224 kg N ha" 1 in the early spring and late summer, respectively), forage yield and N removal were doubled when applying much higher N rates (>672 kg N ha" 1 ). Nitrogen applied at 112 kg N ha" 1 in early spring consistently resulted in fertilizer recoveries in excess of 85%, while 1344 kg N ha" 1 resulted in <20% recovery. For the rainfed conditions evaluated in this work, fertilizer N should be applied in early spring. Late-summer applications of urea should be avoided, due to increased NH 3 volatilization losses. This work suggests that fertilizer N recoveries in excess of 85% can be achieved in bermudagrass, since forage is harvested prior to the onset of post-anthesis gaseous plant N loss, found to exist in grain cropping systems.
